Background. Coral reefs composed of stony corals are threatened by global marine environmental changes. However, soft coral communities composed of octocorallian species, appear more resilient. The genomes of several species of cnidarians have been published, including stony corals, sea anemones, and hydra, but as of yet no octocoral species. To fill this phylogenetic gap within the cnidarian, we sequenced the octocoral, Dendronephthya gigantea, a non-symbiotic soft coral, commonly known as the carnation coral. Findings. The D. gigantea genome size is approximately 276 Mb. A high-quality genome assembly was constructed using 29.85Gb (108x coverage) of PacBio long reads and 35.54Gb (128x coverage) of Illumina short paired-end reads resulting in the largest N50 value reported among cnidarian of 1.4 Mb. About 12 % of the genome consisted of repetitive elements. We found 28,879 protein-coding genes. This gene set contained about 94% metazoan single-copy orthologs, indicating the gene models were predicted with high quality compared to other cnidarians. Based on molecular phylogenetic analysis, octocoral and hexacoral divergence occurred approximately 544 million years ago. Moreover, there is a clear difference in Hox gene composition: unlike in hexacorals, Antp superclass member Evx gene was absent in D.
Introduction
Corals, Anthozoa of the phylum Cnidaria, provide habitats for a diversity of marine organisms [1] and are foundational members of the benthic community playing a major role in energy transfer between plankton and the benthos [2] . Corals capture large quantities of plankton and thereby regulate the primary and secondary production of the coastal food chains [2, 3] . Corals can be classified into hexacorals (stony corals and sea anemones) and octocorals (soft corals and sea fans). Global marine environmental changes, represented by the seawater temperature rise and ocean acidification, are known to threaten coral reefs consisting of stony corals in tropical regions [4, 5] . However, soft coral communities in temperate and subtropical regions, seem to prosper owing to their ability to disperse north as distribution limits extend [6, 7] . To date much research has been carried out on the stony corals because of their susceptibility to coral bleaching [5] due to global warming and ocean acidification [8] [9] [10] [11] . However, soft corals, which have sclerites, are less vulnerable to such environmental changes [8] and it is suggested that temperate shallow-living octocorals are able to withstand increased levels of temperature and acidification [12] . Although there are significant biological differences between the stony and soft corals in terms of calcification and survival strategies in the changing environment, only hexacoral genomes have been sequenced and analyzed [13] [14] [15] [16] [17] [18] .
Here, we report the first genome assembly of an octocoral, Dendronephthya gigantea, commonly known as carnation coral. D. gigantea is a dominant species in the most southern coastal part of Korea [19] , in temperate and subtropical regions where yearly water temperature ranges from 14 to 26°C [19] . In general, colonies of this species inhabit shallow water from 10 to 20 m in depth. It is an independent non-symbiotic gonochoric internal brooder. It preys on zooplankton and phytoplankton and does not possess zooxanthellae [20] .
These characteristics contrast to those of reef-building Acropora species. Our draft genome may therefore serve as a reference for evolutionary studies of azooxanthellate octocorals in terms of understanding different coping mechanisms mediating against rapid environmental changes in comparison to published genomes of stony corals. Figure 1A ). The underwater yearly temperature range of the site was measured to be 15 and 26 °C. The colony of D. gigantea, which carry mature oocytes in the gastrodermal canals, was collected and transported to the laboratory on August 20, 2016 to observe planula development. After planulation, the development of an early planula into a primary polyp was observed under a stereomicroscope and samples for RNA-seq were acquired ( Figure 1 ).
Sample collection and DNA / RNA extraction
For the DNA extraction, the D. gigantea colony was mortar-pulverized in liquid nitrogen and the powder homogenized in lysis solution [2% CTAB, 1.4M NaCl, 100 mM Tris-Cl (pH 8.0), 20 mM EDTA, 1% β -mercaptoethanol], and incubated at 65°C for one hour. The same volume of a phenol:chloroform:isoamyl alcohol (23:24:1) mixture was added to denature the proteins and phase separation by centrifugation at 12,000 rpm for 15 min at room temperature was performed. The aqueous phase was retained and incubated at 37°C for one hour after RNase A (30 mg/ml) was added. The DNA was extracted with a phenol:chloroform:isoamyl alcohol (25:24:1) mixture treatment, followed by adding a chloroform:isoamyl alcohol (24:1) mixture with separating phases centrifuged at 10,000g for 15 min at room temperature. In the next step 1/10 volume of 3 M sodium acetate (pH 5.2) and the same volume of 100% ethanol were added into the retained aqueous phase. The precipitated DNA was washed using 70% ethanol and re-suspended in an appropriate volume of ion-exchanged ultrapure water. The DNA quantity was verified by picogreen method using Victor 3 fluorometry and agarose gel electrophoresis.
To extract RNA, the D. gigantea whole colony and planula larvae were mortar-pulverized in liquid nitrogen. The tissue powder was then homogenized in 700 µl of lysis solution [35 mM EDTA, 0.7 M LiCl, 7% SDS, 200 mM Tris-Cl (pH 9.0)], and RNA was extracted with 700 µl of water-saturated phenol. A one-third of volume of 8 M LiCl was added into the retained aqueous phase, which was maintained at 4°C for two hours. The RNA was precipitated after centrifugation at 14,000 rpm for 30 min followed by resuspension in 300 µl of DEPC-treated water followed by a reprecipitation with 1/10 volumes of 3 M sodium acetate (pH 5.2) and isopropanol. The precipitated RNA was rinsed with 70% ethanol (diluted in DEPC-treated water) and dissolved in an appropriate volume of DEPC-treated water (30-40 µl). RNA quantity and integrity were analyzed using a NanoDrop ND-1000 spectrometer and an Agilent 2100 Bioanalyzer with RNA Integrity Number (RIN).
Genome size estimation
We estimated the genome size of D. gigantea to be 276 Mb (276,273,039 bp) using 35.54Gb (128-fold coverage) of Illumina short paired-end reads at a k-mer size of 17. The k-mer analysis was conducted using SOAPec (version 2.01) [21] . The graph for the k-mer frequency distribution showed that there were two peaks and the heterozygosity of the D.
gigantea genome is high [22] ( Figure 2 ). This finding is consistent with previous reports of invertebrates showing relatively high levels of genome heterozygosity [23].
Sequencing and de novo genome assembly of the D. gigantea genome
We generated 29.85Gb (108-fold coverage) of PacBio long reads for an initial draft assembly which is complemented by 35.54Gb (128-fold coverage) of Illumina short pairedend reads for error-correction. We constructed the first reference genome assembly using D. gigantea polyp tissues. It resulted in the longest N50 length (1.4 Mb) reported among cnidarian genomes thus far (Table 1 ). We filtered out bacterial and fungal DNA reads (about setting in the length cutoff that is used for the seed reads in the initial mapping and preassembly. For error-correction, we replaced the assembled contigs of PacBio long-reads with the Illumina short paired-end reads by self-mapping in case of homo-variants and nonreference hetero variants. We repeated this error-correction process three times to correct for sequencing errors to achieve a final contig N50 value of 1,445,523 bp ( Table 1) .
Annotation of repetitive sequences in the D. gigantea genome
About 12 % of the D. gigantea genome consists of repeat elements. We searched for transposable elements using both ab initio-and homology-based methods using After merging results, we found transposable elements make up an 11.97 % of the D. gigantea genome, in which tandem repeats and long terminal repeat elements (LTR) represented 7.24% and 2.25% of the genome, respectively ( Table 2 ).
Gene prediction, annotation, and quality assessment
We found just under 29,000 protein-coding genes in D. gigantea (Table 3) . We selected our final gene set after comparing two methods. First, we merged ab initio-and homology-based . We gained 8,669 gene models from the homology-based method and these were used as exon hints when we merged both of the ab initio-and homology-based methods. In addition, we aligned RNA-seq reads to the D. gigantea genome using TopHat (version 2.0.9)
[41] to use as intron hints. The EST sequences of corals were mapped to the genome assembly using BLAT (version 34) [42] and used as exon and intron hints. The gene models were filtered according to these criteria: final gene models must both start and stop codons, CDS length is a multiple of three, and the length of protein-coding genes is more than 40 amino acids. In addition, single exon genes with FPKM value < 1 were filtered out when multiple exons existed with the same gene symbol from the UniProt database [25] . After filtering, 28,879 protein-coding gene predictions remained (Table 3) .
In a second approach, we combined predicted genes from the Maker pipeline (version We compared both gene sets using BUSCO [45, 46] which provides quality estimation by the number of predicted orthologs, which showed comparable high quality, increasing our confidence in our set of predicted genes. Afterwards, we finalized the gene set obtained by the first method because the BUSCO (version 3.0.2) [45, 46] assessments showed that gene set from the first method (93.97% complete BUSCO genes) had a slightly better quality than that of the second method (93.35% complete BUSCO genes) (Table 4 ). D. gigantea had high gene set quality among the cnidarians covering about 94% of the complete BUSCO ortholog benchmark genes (Figure 3) . We compared the quality of the D. gigantea gene models with six published cnidarians (Aiptasia pallida, Acropora digitifera, Hydra magnipapillata, Nematostella vectensis, Orbicella faveolata, and Stylophora pistillata) using BUSCO (version 3.0.2) [45, 46] . The D. gigantea gene models had the highest number of the complete single copy BUSCO genes; 87.32% complete single copy BUSCO genes among cnidarians (Figure 3 ). It also had the second highest value of complete BUSCO genes which included both single copy and duplicated genes among cnidarians. (Figure 3 ).
Phylogenetic analysis and species divergence time estimation
We found that D. gigantea has diverged the earliest among the anthozoans based on our calculation as follows. First, we examined orthologous gene clustering of complete proteincoding genes from the six published cnidarians (Orbicella faveolata, Stylophora pistillata, Acropora digitifera, Nematostella vectensis, Aiptasia pallida, and Hydra magnipapillata) and seven non-cnidarian metazoans (Danio rerio, Homo Sapiens, Drosophila melanogaster, Caenorhabditis elegans, Trichoplax adhaerens, Amphimedon queenslandica, and Mnemiopsis leidyi). Our out-group was the unicellular holozoan, Monosiga brevicollis. Clusters were generated using OrthoMCL (version 2.0.9) [47] with an E-value cutoff of 1E-20. We found that D. gigantea contains 12,597 orthologous gene families, excluding singletons, of which 3,656 are shared with stony corals (Orbicella faveolata, Stylophora pistillata, and Acropora digitifera) and hydra (Hydra magnipapillata) (Figure 4) . A total of 4,863 gene families were specific to the D. gigantea (Figure 4) . Secondly, molecular phylogenetic analysis suggested the divergence of the octocoral (D. gigantea) and other three stony corals (O. faveolata, S. pistillata, and A. digitifera) happened 544 million years ago ( Figure 5 ). Finally, we estimated the phylogeny by using 197 single copy orthologs using PROTGAMMAJTT model in RAxML (version 8.2.8) [48] . The divergence times were estimated by MCMCtree program in PAML package (version 4.8) [49] with the independent rates model (clock=2). The date of the node between D. melanogaster-C. elegans was constrained to 743 MYA and H. sapiens-D.
rerio was constrained to 435 MYA based on the TimeTree database [50] . Notably, our results show that the octocoral, D. gigantea, is located between hexacorallia and hydrozoa ( Figure 5) , implying that the octocoral is the earliest diverged group among anthozoans.
Hox gene clusters in cnidarians
Analyses of Hox (homeobox) genes revealed differences between the soft and stony corals.
Hox genes encode transcription factors that perform diverse roles during development [51] .
They are best known to define body plan [51] . To identify and classify Hox gene clusters, we found all instances of the homeobox domain based on Pfam database [52] using HMMER (version 3.1b2) [53] and InterProScan (version 5.32-71.0) [54, 55] . Genes with the homeobox domain were classified using BLAST (version 2.2.28) [24] against HomeoDB [56, 57] and mapping to the homeobox domain of N. vectensis Hox genes from GenBank [38] . We found the three stony corals have a similar and familiar pattern of Hox gene clusters [18] ( Figure 6 ).
However, Evx which is a member of the Antp superclass of Hox genes [58] is absent in D. gigantea ( Figure 6 ) which needs to be verified by experiments.
Conclusion
We present a high-quality, draft genome from the non-symbiotic octocoral, Dendronephthya gigantea with which we find that the octocoral is the earliest diverged group among anthozoans showing the divergence time estimation of 544 million years from the stony corals. It adds a new octocoral assembly for cnidarians, in addition to hexacoral and hydra genomes, thus opening the doors to in depth comparative analyses of stony and soft corals and symbiotic and non-symbiotic coral genomes. Furthermore, future study of the genome and transcriptome set we provide here may contribute new answers about the relative successes of genetic coping mechanisms between soft and stony corals in terms of calcification and survival strategies in the face of global warming and ocean acidification.
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